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ABSTRACT
NOVEL THERMALLY DECOMPOSABLE COBALT MATERIALS
by Yu-Jui Chang
Developing suitable material precursors of reduced metal films plays an important role in
flexible electronics. We introduce a relatively low-temperature sintering liquid material that
may be used to pattern a conductive layer. The liquid material is made of oxidized metal
carboxylate salts along with liquid amines or carboxylic acids. When heated above ca. 220 C,
this material spontaneously decomposes into reduced metal and various gas-phase products.
Inideal (albeit not this) cases, this yields an adherent, electrically conducting perfect metal
mirror.Such materials, inks if you will, conserve metal and plate only where deposited, thus
meeting an important ecological goal of metal conservation. Our aim is to prepare novel cobalt
solution precursors and utilize them to pattern metal films. This involved the characterization
of cobaltsolution precursors, monitoring the decomposition process, and studying the
resulting metal films.

ACKNOWLEDGMENTS
Great appreciation for my research supervisor, Dr. Roger Terrill, who let me join his lab
and finish my research under his guidance. He is always patient to teach and help students
during research processes. I’m proud of and grateful for my life with Dr. Roger Terrill at San
José State University. Special thanks to Dr. Sunity Sharma, who provided us with a wealth of
knowledge in MOD inks. Many thanks to my committee members, Dr. Madalyn Radlauer and
Dr. Abraham Wolcott, who offered support and guidance on my research project. Additional
thanks to San José State University and thesis reviewers.

v

TABLE OF CONTENTS
List of Tables .......................................................................................................................... vii
List of Figures ........................................................................................................................ viii
1. Project Summary ..................................................................................................................1
2. Introduction ..........................................................................................................................3
2.1.
Metal-Organic Decomposition Ink ..........................................................................3
2.2.
Selection of Metal-Organic Compounds..................................................................4
2.3.
Selection of Solvents................................................................................................5
2.4.
Fluid Requirements ..................................................................................................7
3. Characterization ...................................................................................................................8
3.1.
Characterization of Metal-Organic Compounds ......................................................8
3.2.
Characterization of MOD Ink Decomposition .........................................................8
3.3.
Characterization of Metal Films ..............................................................................9
4. Experimental Procedures ...................................................................................................11
4.1.
Synthesis of Cobalt Butyrate..................................................................................11
4.2.
Preparation of Cobalt Solutions .............................................................................12
4.3.
Coating Techniques and Film Formation ...............................................................12
4.3.1. Drop Casting ............................................................................................ 13
4.3.2. Mayer Rod ................................................................................................ 14
5. Results and Discussion.......................................................................................................15
5.1.
FTIR Spectra ..........................................................................................................15
5.2.
TGA and DSC ........................................................................................................16
5.3.
Calcined Cobalt Films............................................................................................29
6. Conclusion .........................................................................................................................31
References ................................................................................................................................32

vi

LIST OF TABLES
Table 1.

The twenty most conductive metals are listed in the order of increasing
bulk room-temperature resistivity (0, rt). ..............................................................6

Table 2.

Summarized cobalt solutions and their processing conditions (forming gas,
350 C). ............................................................................................................... 13

Table 3.

Summarized temperature intervals from 50-400 C (50 C/interval) of TGA
and DSCof cobalt acetate tetrahydrate, cobalt acetate tetrahydrate in 2aminoethanol and 1-butanol, cobalt butyrate, and cobalt butyrate in 2aminoethanol and 1-butanol. ............................................................................... 29

vii

LIST OF FIGURES
Figure 1.

The MOD ink working principle .......................................................................... 4

Figure 2.

The four-point probe diagram ............................................................................ 10

Figure 3.

Candidate metal-organic compounds. ............................................................... 11

Figure 4.

An example of drop cast films comprising 2 µL, 4 µL, and 8 µL of ink
solutions.. ........................................................................................................... 13

Figure 5.

The example of Mayer rod, (left, bottom), a thin coating (left, top). Figure
(right)shows the wire-wound rod and substrate. ................................................ 14

Figure 6.

The FTIR spectra of acetic anhydride (top), acetic acid (middle), and cobalt
acetatetetrahydrate (bottom). ............................................................................. 16

Figure 7.

The FTIR spectra of cobalt butyrate (top) and butyric acid (bottom). ............... 17

Figure 8.

TGA curve of cobalt acetate tetrahydrate under helium. ................................... 18

Figure 9.

TGA curve of cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol
underhelium. ...................................................................................................... 19

Figure 10.

TGA curve of cobalt butyrate under helium. ..................................................... 20

Figure 11.

TGA curve of cobalt butyrate in 2-aminoethanol and 1-butanol under
helium.. .............................................................................................................. 21

Figure 12.

DSC curve of cobalt acetate tetrahydrate under nitrogen. ................................. 22

Figure 13.

DSC curve of cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol
undernitrogen. .................................................................................................... 23

Figure 14.

DSC curve of cobalt butyrate under nitrogen. ................................................... 24

Figure 15.

DSC curve of cobalt butyrate in 2-aminoethanol and 1-butanol under
nitrogen.. ............................................................................................................ 25

Figure 16.

Calcined cobalt films by heating cobalt acetate tetrahydrate in
2-aminoethanol and 1-butanol (left) and cobalt butyrate in 2-aminoethanol
and 1-butanol (right) on microscope slides under forming gas from 50 C
to 350 C. ........................................................................................................... 30

viii

1. Project Summary
Cobalt acetate and cobalt butyrate salts were selected for the preparation of metalforming inks based on their similarity to existing patents for the preparation of palladium, gold,
copper and nickel inks.1-4 These cobalt carboxylates (both anhydrous and acetate-hydrates)
were mixed with a variety of amine carboxylate and amine alcohol pairs to form viscous
solutions. The viscous solutions were then spread onto glass slides and cured at 350C under
forming gas. In most cases, these solutions are transformed into metal coatings, and thus the
cobalt solutions are referred to as metal-organic decomposition or “MOD” inks. Coordinating
solvents including pyridine, -picoline, isopropylamine, cyclopentylamine, cyclohexylamine,
methacrylic acid, acrylic acid, 2-aminoethanol, and 1-butanol were respectively employed to
dissolve the metal precursor and to crudely optimize our cobalt solutions. A tube furnace with
reducing atmospheres (5% H2 in N2, also called “forming gas”) was used to form the metal
films. The hydrogen was incorporated to promote the formation of Co metal as opposed to the
oxide. The thermal decomposition of cobalt acetate was studied by thermogravimetric analysis
to yield both cobalt metal (in the presence of H2) or cobalt oxide is believed to follow the below
schemes:5
Co (CH3COO)2 • 4H2O → Co (CH3COO)2 + 4H2O

(1)

Co (CH3COO)2 → Co (OH)(CH3COO) + CH2=C=O

(2)

CH2=C=O + H2O → CH3COOH

(3)

Co (OH)(CH3COO) → 0.5CoO + 0.5CoCO3 + 0.5H2O + 0.5CH3COCH3
CoCO3 → CoO + CO2 (in N2)
CoCO3 + H2 → Co + CO2 + H2O (in H2)

1

(4)
(5)
(6)

CoO + H2 → Co + H2O (in H2)
In this Thesis, the preparation and characterization of several Co-MOD inks and their
decomposition processes and the resulting Co films will be described.
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(7)

2. Introduction
Printing technology provides a novel way of manufacturing various electronic devices.6,7
This technology relies on transferring metallic inks to flexible substrates, and then heating
them to produce the reduced metal in a thin film. Metallic inks play a crucial role in
fabricating conductive lines or electrodes in electronic devices.8 Substrates including polymers
and paper greatly broaden the scope of printing technology.9,10
There are two main types of metallic inks: metal nanoparticle-based inks and metal
particle-free inks called metal-organic decomposition (MOD) inks.11 Metal nanoparticle-based
inks consist of zerovalent metals, volatile solvents, and surfactants.9 Au, Ag, and Cu are
successful nanoparticle-based inks due to their low reactivity towards oxygen and their
excellent conductivity.12,13 However, nanoparticle inks may require careful control of
synthetic processes, relatively high sintering temperatures, and may suffer from particle
agglomeration and oxidation.14,15 MOD, particle-free inks overcome many of these
problems.16,17 MOD inks are homogeneous solutions wherein metals exist in cationic form
with coordinated ligands. MOD inks are gaining importance for applications such as printed
metal interconnects due to their facile preparation, low sintering temperatures, and superior
stability.18,19
2.1.

Metal-Organic Decomposition Ink
MOD inks are composed of metal-organic compounds, solvents, and additives.20 As

shown in Figure 1, only reduced metal is obtained from MOD inks upon a low-temperature
thermal decomposition process. A well-known example of MOD inks (Equation 8) is choosing
copper (II) formate as the metal precursor dissolved in amines.21-23 Under heat treatment,
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formate anions are oxidized to carbon dioxide and hydrogen gas. Amines and solvents will
easily evaporate without leaving residues. Only reduced copper metal is present in the resulting
films. This reaction can be completed in a high yield under flowing N2.
Cu (HCO2)2 (amine) → Cu(s) + 2CO2(g) + H2(g) + amine(g)

(8)

Figure 1. The MOD ink working principle. Reprinted with permission from ref 11. Copyright
2018 American Chemical Society.
2.2.

Selection of Metal-Organic Compounds
Silver is often used to prepare metallic inks because of its low resistivity (1.6 µΩ·cm)and

good stability.24 However, silver-based inks are relatively expensive. Alternative metallic
inks with comparable electrical conductivity need to be developed. Copper is a good
alternative due to its low cost and low resistivity (1.7 µΩ·cm).25 Besides the metal bulk
resistivity, the electron mean free path affects the final conductivity performance.26
In the field of narrow interconnect lines, the metal with the lowest   0 value (product of
the electron mean free path () times the bulk resistivity (0)) has the best conductivity
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because the resistance of the narrow lines is expected to be proportional to   0.27 The
relevant parameters regarding the twenty most conductive metals are given in Table 1.26 Metals
including Mo, Co, and Ru show   0 values close to the value of Cu (within 30), which
exhibits plenty of successful and practical applications in printed electronics. Therefore, Co is
a promising metal that is worth investigating, but catalytic and physical properties are also of
interest.
The selection of metal-organic compounds is a critical step in preparing metallic inks
because it influences the formation of the resulting metal including influencing the thermal and
electrical properties of the resulting metal films. A promising metallic ink will have a low
thermal decomposition temperature and form a highly conductive metal.9,16-23 To meet these
requirements, metal-carboxylates have gained research interest because metals are easily
obtained after low-temperature decarboxylation reactions.28-30 Considering the potential
conductivity of Co and the feasibility of carboxylates, we chose cobalt acetate as our initial
metal-organic precursor due to its simplicity and availability.31,32 We also synthesized cobalt
butyrate to serve as the second metal-organic precursor to explore the variability in preparing
MOD inks.
2.3.

Selection of Solvents

Solvents are essential parts of MOD inks because they help to dissolve metal-organic
compounds and make MOD inks spreadable and printable. Low molecular weight alcohols
(propyl and greater) are often employed as solvents because they are easily evaporated during
heat treatment and tend to leave smooth metal films. Importantly, the hydroxyl group on
alcohols may also assist in the metal reduction step.9, 20-23

5

Table 1. The twenty most conductive metals are listed in the order of increasing bulk roomtemperature resistivity (0, rt). The relevant parameters including the average Fermi velocity f,
the product   0, and the product   0 are calculated from first-principles.

Reprinted with permission from ref 26. Copyright 2016 D. Gall.

The selection of solvents should also be compatible with commercial printing
techniques.20 Reverse offset printing, which uses polydimethylsiloxane (PDMS) as a substrate,
is widely used in printing because it provides high-resolution production.33 Therefore, alcohols
become candidate solvents because they don’t cause damage to PDMS during printing
processes.
Adding multiple solvents is a useful way to further enhance MOD inks performance.9
Amines are very frequently chosen because they bond with the metal ion, and therefore
stabilize its solution form.9,16-23 Molecules which can evaporate completely without leaving
residue (e.g. graphitic carbon) in the metal films, yet form relatively stable complexes in
solution are highly desirable for ink formation. Such molecules may be thought of as adjuvants
in the ink formulation. From the perspective of the overall reaction, molecules (as distinct from
the metal ion) which form stable (at room temperature), yet volatile (at elevated temperature)
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complexes are especially desirable. In addition, amines can decrease the thermal sintering
temperature of solutions by lowering the temperature at which metal ions are reduced.9 This
improves the formation of dense films with better morphology.
2.4.

Fluid Requirements
The rheological parameters including viscosity, surface tension, and wettability, need to

be taken into consideration in MOD ink preparation because they eventually influence
coating properties.9 Solvents with low surface tension are often chosen to prepare MOD inks
because they help inks spread easily and rapidly.34 Favorable ink-substrate interactions, i.e.
wettability, also plays an important role in improving the performance of MOD inks and
promoting continuous film formation.35
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3. Characterization
3.1.

Characterization of Metal-Organic Compounds

Fourier-Transform Infrared Spectroscopy (FTIR) is performed to identify metal-organic
compounds. FTIR employs a beam containing different frequencies of infrared light at once
and measures how much of that beam is absorbed by the sample.36,37 Certain infrared
frequencies will cause the specific functional group of compounds to vibrate.38 Since different
types of bonds vibrate at different frequencies, the metal-organic compound can be identified
by the spectrum.39,40 This project employed the sampling method known as attenuated total
reflection, (ATR). In ATR, the infrared beam is internally reflected from the surface of a
diamond flat. This flat serves as a sampling point where materials placed in contact with the
flat impose a small (ca. 1 micron) path-length onto the totally internally reflected beam. The
negative logarithm of the reflectance (relative to the clean diamond) is used to construct a
spectrum which is very close to more familiar absorption.
3.2.

Characterization of MOD Ink Decomposition

Thermogravimetric analysis (TGA) measures the weight of the sample during a uniform
temperature ramp or hold.41,42 In TGA, the specimen (ca. 3-5 mg of MOD ink) is placed on a
balance, the heating range and the heating rate are set up, and a specific atmosphere is
determined. Upon heating, the weight of the MOD ink is monitored while the temperature is
ramped to the set point. MOD ink weight decreases gradually for bulk solvent loss, and in a
stepwise fashion for the decomposition or evaporation of bound ligands and solvents. Accurate
weight losses can be used to determine the formula weights of the existing molecules. The
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exact temperatures at which the decomposition process appears help one analyze the
thermodynamics of the decomposition process.43
Differential scanning calorimetry (DSC) is a complementary method of thermal analysis
that measures the net heat flow into a sample, relative to a reference pan, during a linear
temperature scan.44,45 Two identical aluminum pans are employed in DSC, one for the MOD
ink and the other is left empty and serves as a blank. The heaters are in a closed-loop with
dual high-precision thermometers. As the temperatures are ramped linearly, the difference in
heat flow between the two pans is recorded. This heat flow difference can be analyzed to
yield the enthalpy of various processes including phase changes, desolvation steps, or
decomposition reactions in the specimen.43
Together TGA and DSC are used to understand the overall thermal decomposition of the
MOD ink. Ideally, a thermal decomposition may be resolved into a set of stepwise reactions.
3.3.

Characterization of Metal Films

The sheet resistance of metal films is measured by the four-point probe method shownin
Figure 2.46-48 Given a current passing through two outer probes, an induced voltage in two
inner probes can be used to calculate the resistivity of the metal film.
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Figure 2. The four-point probe diagram. Reprinted with
permission from ref 48. Copyright 2019 C.B. Honsberg and S.G.
Bowden.
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4. Experimental Procedures
4.1.

Synthesis of Cobalt Butyrate

Cobalt butyrate was prepared from commercially obtained cobalt acetate tetrahydrate
(Figure 3, left). Cobalt acetate tetrahydrate (10 g) was refluxed with excesses of equal volumes
(25 mL) acetic acid and (25 mL) acetic anhydride for several days at ca. 50 C. This pinkish
mixture was then placed under vacuum, and acetic acid/anhydride was distilled off at
temperatures not exceeding 65 C. A small amount of this product was set aside as an
anhydrous cobalt acetate specimen. Next, ca. 20 g of butyric acid was added back, and the
system was heated for several additional days at 50 C. Butyric acid and acetic acid were
removed under vacuum, again without allowing the solution temperature to exceed 65 C. The
solution was at first purple, but later turned pink again during the removal process. The
compound was shown in Figure 3, right.

Figure 3. Candidate metal-organic compounds. Left: cobalt
acetate tetrahydrate from Alfa Aesar; Right: synthesized cobalt
butyrate.
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4.2.

Preparation of Cobalt Solutions

Cobalt acetate tetrahydrate and cobalt butyrate were utilized to prepare a series of novel
cobalt coating solutions. Coordinating solvents, such as pyridine, -picoline, isopropylamine,
cyclopentylamine, cyclohexylamine, methacrylic acid, acrylic acid, 2-aminoethanol, and 1butanol were respectively employed to dissolve the metal precursor, and their combinations
were summarized in Table 2. Our goal at this juncture was to prepare solutions with high cobalt
content and good solubility. Aromatic and aliphatic amines were first added to dissolve cobalt
acetate tetrahydrate and cobalt butyrate into approximately 3% (w/w) cobalt solutions.
However, solutions described in rows 1-7 in Table 2 were not optically clear, but rather were
cloudy indicating some degree of insolubility after stirring for one day. Solvents were added
to some of the above solutions to more fully dissolve the cobalt carboxylates but this was
unsuccessful (rows 10-13 in Table 2). Lastly, 2-aminoethanol and 1-butanol were added to
dissolve cobalt carboxylates in an 8:1 ratio of solvents to cobalt carboxylates by mass. These
solutions (rows 14,15 in Table 2) were viscous, dark pink to purple in color and clear indicating
the full dissolution of cobalt compounds. The relatively high viscosity and stickiness of the
solutions was also helpful in the casting of films using the Mayer rod method. These solutions
were also cast into films and sintered, and were chosen for further investigation via thermal
analysis using TGA and DSC.
4.3.

Coating Techniques and Film Formation

We drop cast and used the Mayer rod method to cast films of various cobalt MOD inks
onto microscope slides.49 Coated microscope slides were then transferred into a purged tube
furnace under flowing forming gas (flowing rate: 1SCFH; 5% H2 in N2), which was then heated
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Table 2. Summarized cobalt solutions and their processing conditions (forming gas, 350 C).
Cobalt precursor
TGA/DSC
Solvent
Casting method
1
2
3
4
5
6
7
8
9
10

Co(Ac)2
Co(Ac)2
Co(Ac)2
Co(Ac)2
Co(Ac)2
Co(Bu)2
Co(Bu)2
Co(Bu)2
Co(Bu)2
Co(Ac)2
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Co(Ac)2

12

Co(Bu)2

13

Co(Bu)2

14
15

Co(Ac)2
Co(Bu)2

Pyridine
-picoline
Isopropylamine
Cyclopentylamine
Cyclohexylamine
Pyridine
Cyclohexylamine
Methacrylic acid
Acrylic acid
2-aminoethanol1-butanol
Cyclohexylamine
2-aminoethanol
1-butanol Methacrylic acid
2-aminoethanol1-butanol
Cyclohexylamine
2-aminoethanol1-butanol
Methacrylic acid
2-aminoethanol1-butanol
2-aminoethanol
1-butanol

Drop casting
Drop casting
Drop casting
Drop casting
Drop casting
Drop casting
Drop casting
Drop casting
Drop casting

Mayer rod

Not measured
Not measured
Not measured
Not measured
Not measured
Not measured
Not measured
Not measured
Not measured
Not measured

Mayer rod

Not measured

Mayer rod

Not measured

Mayer rod

Not measured

Mayer rod
Mayer rod

+/+
+/+

up to 350 C at 50 C/min in a tube furnace, and immediately cooled to near room temperature
before removal of the films.
4.3.1. Drop Casting
Drop casting was done by using a micropipette to drop certain amounts of the cobalt
solution on three coverslips that were separately placed on a microscope slide (Figure 4).

Figure 4. An example of drop cast films comprising 2 µL, 4 µL,
and 8 µL of ink solutions.Solutions shown were not yet heated.
Note that the glass slide onto which the three cover slips was
placed was 25 x 75 mm in lateral dimensions.
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4.3.2. Mayer Rod
The Mayer rod is a stainless steel rod that is tightly wrapped with stainless steel wire.50
Mayer rod was utilized to coat continuous cobalt solutions on a microscope slide. The thickness
of metal films was expected to be proportional to the diameter of the wire on the Mayer rod.51
In Figure 5, a micropipette was used to deposit the cobalt solution on the left side of a
microscope slide. The Mayer rod is then slowly dragged, without rotation, across the ink atop
the slide. This coats the slide with the ink. Most ink is swept away with the rod, but a thin layer
is left behind.

Figure 5. The example of Mayer rod, (left, bottom), a thin coating (left, top). Figure
(right) shows the wire-wound rod and substrate. Reprinted with permission ref 52.
Copyright 2021 HoloEast.
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5. Results and Discussion
MOD inks were prepared according to Table 2, and films cast and sintered as described
above. Films of good quality were then moved on to thermal analysis trials. Unfortunately, in
all but two cases, the films were of poor quality (leaving for example only the edges of circular
droplets visible) and generally exhibited significant rearrangement on the surface of the slide
after casting and during sintering. Also, the methacrylic acid containing inks were not stable
over time. Therefore, due to these early-stage failures, thermal analysis was done only on the
Co acetate and butyrate compounds (illustrated in rows 14 and 15 of Table 2).
5.1.

FTIR Spectra

Cobalt acetate tetrahydrate was identified by FTIR in Figure 6, bottom. The broad
peaks in the area of 3000-3500 cm-1 were attributed to the waters of hydration and the sharp
peak at 3500 cm-1 is assigned to the O-H stretching. The peaks around 1700 cm-1 are caused
by the C=O stretching from the acetate group. The spectrum of acetic acid is given in Figure
6, bottom. The lower frequency of the peaks near 1700 cm-1 for cobalt acetate (Figure 6,
bottom)results from the larger effective mass of the cobalt-coordinated carboxylate,
compared to the free acetate in acetic acid (Figure 6, middle). Acetic anhydride (Figure 6,
top) is included to show that its spectrum is absent from that of the product.
Cobalt butyrate was identified by FTIR in Figure 7, top. Acetic anhydride was added to
remove water during the synthesis of cobalt butyrate, a small amount of water is still
detectable in the broad absorption in the area of 3000-3500 cm-1. Two peaks around 1750-1700
cm-1 were attributed to the C=O stretching from the butyrate group. As was the case for the
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Figure 6. The FTIR spectra of acetic anhydride (top), acetic acid (middle), and cobalt
acetatetetrahydrate (bottom).
cobalt acetate, the greater effective mass of the carboxylate-coordinated cobalt shifts the peaks
seen at 1700 cm-1 in butyric acid to lower wavenumber. This spectrum is consistent with pure
cobalt butyrate containing a small percentage of water according to the spectrum of butyric
acid in Figure 7, bottom.
5.2.

TGA and DSC

Both TGA and DSC were employed to examine the thermal decomposition of cobalt
precursors and their corresponding solutions. These include cobalt acetate tetrahydrate, cobalt
acetate tetrahydrate in 2-aminoethanol and 1-butanol, cobalt butyrate, and cobalt butyrate in 2-
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Figure 7. The FTIR spectra of cobalt butyrate (top) and butyric acid (bottom).
aminoethanol and 1-butanol. Therefore, four sets of TGA and DSC data were acquired
(Figures 8-15). TGA was done under flowing helium (hold for 1 min at 50 C, heat from 50
C to 400C at 5 C/min, cool from 400 C to 50 C at 50 C/min). DSC was done under
flowing nitrogen (equilibrate at 50 C, heat from 50 C to 400 C at 5 C/min, cool from 400
C to 50 C at 50C/min).

17

Figure 8. TGA curve of cobalt acetate tetrahydrate under helium. Conditions are as specified
above.
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Figure 9. TGA curve of cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol under
helium. Conditions are as specified above.
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Figure 10. TGA curve of cobalt butyrate under helium. Conditions are as specified above.
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Figure 11. TGA curve of cobalt butyrate in 2-aminoethanol and 1-butanol under helium.
Conditions are as specified above.
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Figure 12. DSC curve of cobalt acetate tetrahydrate under nitrogen. Conditions are as
specified above.
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Figure 13. DSC curve of cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol
undernitrogen. Conditions are as specified above.
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Figure 14. DSC curve of cobalt butyrate under nitrogen. Conditions are as specified above.
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Figure 15. DSC curve of cobalt butyrate in 2-aminoethanol and 1-butanol under
nitrogen. Conditions are as specified above.
The mechanism of thermal decomposition of cobalt acetate tetrahydrate was determined
using TGA-IR and the steps of which are summarized in equations (1-7) recapitulated below
from earlier in this Thesis.5,53 TGA and DSC of cobalt acetate tetrahydratewere reproduced in
our laboratory are shown in Figures 8 and 12 respectively. The thermal decomposition of
cobalt acetate tetrahydrate starts from the dehydration reaction from 50 C to 100 C.
According to the stoichiometry in equation 1, the release of four water molecules should
4×18.02 AMU

result in a 28.39% = ( 249.08 AMU × 100%) theoretical weight loss, which is very close to
what was found (

3.59 mg−2.55 mg
3.59 mg

× 100% = 28.97%) (at ca. 100 C) in the TGA data
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reported above. The total mass loss was 3.59 mg - 2.55 mg. This process is endothermic based
on the DSC curve, which is consistent with dehydration. According to equation 5, pure cobalt
oxide, CoO, is the final product of heating in an inert atmosphere and its remaining weight
74.93 AMU

percentage is 30.08% = ( 249.08 AMU × 100%) which is in acceptable agreement with
1.21 mg

what we found 33.70% = ( 3.59 mg × 100%) if a small allowance is made for organic
residues remaining. Therefore, we can conclude that CoO is the major decomposition product
under inert gas conditions for both cobalt acetate and cobalt butyrate based on the mass-loss
calculations for decomposition in the helium atmosphere of the TGA. It would be most
instructive if the TGAcould be done in 5% hydrogen gas, as this would allow us to
quantitatively assess the reductionof cobalt oxide to pure cobalt metal if indeed this happens
(Equations 6 and 7), but current experimental limitations preclude this. The following
reaction steps are based on the thermal decomposition of Co (CH3COO)2 • 4H2O from
literature.5
Co (CH3COO)2 • 4H2O → Co (CH3COO)2 + 4H2O

(1)

Co (CH3COO)2 → Co (OH)(CH3COO) + CH2=C=O

(2)

CH2=C=O + H2O → CH3COOH

(3)

Co (OH)(CH3COO) → 0.5CoO + 0.5CoCO3 + 0.5H2O + 0.5CH3COCH3

(4)

CoCO3 → CoO + CO2 (in N2)

(5)

CoCO3 + H2 → Co + CO2 + H2O (in H2)

(6)

CoO + H2 → Co + H2O (in H2)

(7)

Cobalt acetate MOD ink was prepared from the tetrahydrate by adding 2-aminoethanoland
1-butanol. Alkanolamine (2-aminoethanol) was chosen to decrease the thermal sintering
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temperature (although this did not happen, vide infra) and to play a role as a ligand to help
dissolve cobalt acetate tetrahydrate in 1-butanol, and in part based on its application to CuMOD inks. TGA and DSC of cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol are
shown in Figures 9 and 13. When comparing Figure 9 with Figure 8, we observe that dissolving
cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol substantially adds to the
complexity of the thermal decomposition of the cobalt precursor. The change of thermal
behavior in cobalt acetate MOD ink also shows on the DSC curves. In Figure 13, the four peaks
from 50 C to 200 C can be attributed first to the evaporation of 2-aminoethanol and 1-butanol
and then to the dissociation of cobalt-bound 2-aminoethanol (and possibly of 1-butanol) during
the decomposition process. However, the transition temperature, at which cobalt acetate
becomes cobalt oxide, at 265 C, is quite close to that observed in cobalt acetate hydrate.
The mechanism of the thermal decomposition of synthesized cobalt butyrate was also
investigated by TGA and DSC as shown in Figures 10 and 14. There are two main mass loss
steps. First a mass loss from 2.60 mg to 2.00 mg (between 200 C and 250 C) and second
from 2.00 mg to 1.11 mg (between 250 C and 300 C). During this temperature range, only
one peak is evident in the DSC curve between 200 C and 300 C. The total weight loss is from
1.11 mg

2.60 mg to 1.11 mg and the remaining weight is 42.69% = ( 2.60 mg × 100%). However, the
theoretical weight percentages for Co and CoO formation in pure cobalt butyrate are
58.93AMU

74.93 AMU

25.06% = (235.14AMU × 100%) and 31.87% = (235.14 AMU × 100%). Therefore, this
excess mass obscures any conclusions regarding the product generated from cobalt butyrate.
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Cobalt butyrate MOD ink was prepared by dissolving cobalt butyrate in 2- aminoethanol
and 1-butanol. TGA and DSC of cobalt butyrate solutions are given in Figures 11 and 15.
The difference between these two processes again reflects the addition of 2-aminoethanol and
1-butanol. Three to four additional peaks can be seen in both the TGA and DSC. These again
can be attributed to the evaporation, and later dissociation of 2-aminoethanoland 1-butanol
during the decomposition process. These structures that we propose may be dissociating may
be compared to waters of hydration, which dissociate in a multistep fashion as evidenced in
TGA/DSC peaks. A more thorough study of these precursors, for example by preparing a 2:1
= 2-aminoethanol: cobalt material would undoubtedly be interesting. However, as was the
case with the acetate, the final step in the formation of cobalt oxide films was found at about
265 C, independent of the presence of other components which apparently are lost at a lower
temperature. Therefore, additional studies of this phenomenon seem to be less central to the
objective of preparing Co-metal films in this case.
Given the complexity of the TGA and DSC data, we summarized the eight experiments in
Table 3. In Table 3 peaks are classified on 50 C intervals from 50-400 C. For TGA curves,
we put a “V” symbol to represent a weight loss in that temperature interval. Notes were
designed to describe peaks that are either sharp or broad. For DSC curves, we used “V” and
“” to classify reactions are endothermic or exothermic respectively. The approximate
temperature at the peak is also noted. Other symbols including “SMW” (S: strong, M: medium,
W: weak) and “sb” (s: sharp, b: broad) were used to describe the shape of the peak. The origins
of higher temperature (300-400 C) peaks in the DSC are not known.

28

Table 3. Summarized temperature intervals from 50-400 C (50 C/interval) of TGA and DSC
of cobalt acetate tetrahydrate, cobalt acetate tetrahydrate in 2-aminoethanol and 1-butanol,
cobalt butyrate, and cobalt butyrate in 2-aminoethanol and 1-butanol.
Figure
8
12
9
13
10
14
11
15

5.3.

Temperature Range / C
Notes
50-100 100-150 150-200 200-250 250-300 300-350 350-400
All peaks
V
V
V
V
V
sharp
V 80
V 265
V 350
V 350
 230
Ss
Ms
Ms
Ms
Wb
All peaks
V
V
V
V
V
broad
V 75
M b V V 135
V 180
V 260
DSC of Co(Ac)2
100
Ss
Ms
Ms
MOD ink
Wb
All peaks
V
V
V
TGA of Co(Bu)2
sharp
V 265
V 340
 375
DSC of Co(Bu)2
Ss
Wb
Mb
TGA of Co(Bu)2 All peaks
V
V
V
V
V
broad
MOD ink
V 80
V 130
V 175
V 260
DSC of Co(Bu)2
Mb
Mb
Wb
Ws
MOD ink
V: mass loss in the temperature interval (only for TGA).V /  = V: endothermic,
: exothermic (only for DSC).
S / M / W = S: strong, M: medium, W: weak (only for DSC).
s / b = s: sharp, b: broad (only for DSC).
Method Chemical
TGA of Co(Ac)2
tetrahydrate
DSC of Co(Ac)2
tetrahydrate
TGA of Co(Ac)2
MOD ink

Calcined Cobalt Films
Calcined, i.e. heated in a tube furnace to 350 C at 50 C/min, cobalt films were coated by

the Mayer rod method and are shown in Figure 16. Both films were not perfectly uniform
mainly due to the viscosity and surface tension of the solutions. They were also unfortunately
not conductive. This may be due to the presence of disconnected metallic domains.
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Figure 16. Calcined cobalt films by heating cobalt acetate tetrahydrate in 2-aminoethanol
and 1-butanol (left) and cobalt butyrate in 2-aminoethanol and 1-butanol (right) on
microscope slides under forming gas from 50 C to 350 C.
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6. Conclusion
We successfully prepared novel cobalt MOD inks that have not been previously reported.
The recipe for preparing cobalt material precursors is dissolving cobalt carboxylate salts with
amine and alcohol. Our crude optimization process involved maintaining a constant cobalt
metal content and varying the amounts of amine and alcohol solvents to produce a roughly
saturated solution. The TGA and DSC curves of cobalt acetate and cobalt butyrate show clear
dehydration and decarboxylation steps which allow for quantitative confirmation of the CoO
stoichiometry of the cobalt acetate. The cobalt butyrate however has additional mass of
unknown origin. TGA and DSC curves of cobalt MOD inks reflect a multistep evaporation
and dissociation of amine and alcohol at temperatures below the decarboxylation temperature
shared by all four compounds of about 265 C. In future work, TGA-MS (to identify
outgassed products) and X-ray diffraction (to identify metal structures) can be implemented
to identify the metal or metal oxide films unambiguously. Similarly, gas chromatographymass spectrometry can be applied to analyze the gas-phase products generated from the
thermal decomposition. Different amines and/or alcohols may also be included in the
optimization process to find out the improved cobalt coating solution with a higher metal
content and a clear thermal decomposition process. Additives, such as petroleumether (80120) and toluene and surfactants, such as triton x-100 and dodecyl benzene sulfonic acid
could also be employed to improve the coating quality of the cobalt solution materials. These
future works may be beneficial for producing uniformly coated metallic films with good
conductivities.
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